Currently regional mean sea level trends and variations are inferred from the analysis of several individual local tide gauge data that span only a long period of time at a given region. In this study, we propose using a model to merge various tide gauge data, regardless of their time span, in a single solution, to estimate parameters representative of regional mean sea level trends. The proposed model can account for the geographical correlations among the local tide gauge stations as well as serial correlations, if needed, for individual stations' data. Such a vigorous regional solution enables statistically optimal uncertainties for estimated and projected trends. The proposed formulation also uni es all the local reference levels by modeling their offsets from a prede ned station's reference level. To test its effectiveness, the proposed model was used to investigate the regional mean sea level variations for the coastal areas of the Florida Panhandle using 26 local tide gauge stations that span approximately 830 years of monthly averages from the Permanent Service for Mean Sea Level repository. The new estimate for the regional trend is 2.14 mm/yr with a ±0.03 mm/yr standard error, which is an order of magnitude improvement over the most recent mean sea level trend estimates and projections for the Florida region obtained from simple averages of local solutions. 
Introduction
Long term changes in the mean sea level (MSL) impacts shoreline and beach erosion, coastal and wetlands inundation, storm surge ooding and coastal development. Trends in sea level have traditionally been calculated from long term data sets at a few locations.
However, inferences from local tide gauge series are not representative of regional mean sea level variations because there are only few tide gauge stations with long records (longer than 60 years, Douglas 1991 1 ) around the world, and their uncertainties prohibit accurate regional sea level projections (Mitchum 2011 ).
Msl trend estimates from different local tide gauge measurements gauge data involve simple or weighted averaging local solutions' trends, (Douglas 1991 , Mazzotti et al. 2008 . Regional solutions are avoided because the estimates may be biased if the geographical (spatial) correlations among the nearby stations are omitted and cause over/under estimation of the uncertainties of the estimated regional parameters.
The disturbances of the tide gauge data may also exhibit temporal correlations (autocorrelations, the red noise for the rst order autoregressive process) that need to be accounted for in local as well as in potential regional solutions. Their omission may cause underestimation of the error estimates of the solution parameters, thereby leading potential Type I errors in null-hypothesis testing for the signi cance of the model parameters. Currently the effect of the serial correlation of the residuals is accounted for by using an in ation factor in satellite altimetry derived trend estimates (Church et al. 2011) . No studies have been carried out to assess their impact on trend estimates from the local tide gauge data.
Hence, this study addresses the following issues:
1. How to combine/model various local tide gauge data to estimate regional MSL rise and variations for short and long records irrespective of different local tide gauge reference levels?
2. How to estimate and subsequently model spatially correlated station disturbances among the local stations' tide gauge data in a regional solution?
3. How to account for serial autocorrelations of each local tide gauge time series records in a regional solution for more realistic error statistics for the estimated trend parameters? and, 4. Quantify, assess and validate the impact of a vigorous regional model in estimating sea level changes using multiple station data as opposed to the current practice of simple pooling of local solutions for the tide gauge stations around the Florida Panhandle.
The following sections will rst investigate local solutions for each station in a region to estimate model parameters using ordinary least squares method. These results will be used as baselines for subsequent solutions. The solution residuals will be scrutinized for a follow up regional model solution. The residuals will also be used to estimate geographical correlations among the participating stations as well as the serial correlation for each station's disturbances.
In the second step, geographical and serial correlation information will be used to establish a full variance-covariance matrix of the errors, which will be deployed in a generalized least squares solution for estimating the regional means sea level trend parameters.
A trend estimate in a regional solution is statistically optimal, thanks to the rigorous formulation, as should be evidenced by the improved error statistics for the trend estimate, its standard error and improved R 2 (adj) statistic (Neter et al. 1996) as opposed to an estimate that can be obtained by averaging the local trend estimates. The use of aggregated tide gauge data in such combination solution provides additional information that is present in some series but missing in others because of their localities, thus better in capturing regional MSL variations.
The new model will be tested using 26 local tide gauge stations that span over 830 years (monthly averages) around the Florida Panhandle for the local and regional solutions. reference tide gauge data, downloaded in April 2011, span over 10,000 monthly averages (∼830 yr), with Fernandina station data being the longest in the series (112 yr), and Lake Worth, Palm Beach data (3.8 yr) being the shortest series. Despite the preliminary adjustment by the PSMSL, the revised local reference data still exhibit small reference level differences, as it will be shown in the following sections, with Virginia Key's tide gauge station's data having the largest offset as shown in the inset of Fig. 5 .
Tide Gauge Stations and Data around Florida Panhandle

Local Tide Gauge Model and Local Solutions
The following well-known empirical trigonometric model is used to estimate local MSL trend parameters:
In this expression, y t represents the monthly averaged tide gauge data at an epoch t at a given station. The unknown intercept, a, relates local tide gauge data to the vertical reference level, b represents the local MSL trend to be estimated andt refers to the middle epoch of the series. The unknown coefficients of the sine and cosine terms are denoted by α an γ from which the amplitudes and the phase angles of the semi-annual, annual, and nodal (18.6 yr) periods denoted byP h , are determined.
The random variable e t represents the disturbances in the tide gauge data, the lump-sum effect of random instrument errors and unmodeled effects assumed to be less in uential in long tide gauge series data, with the following properties:
The above relationships also assume that the disturbances are serially independent as common practice in modeling local tide gauge data (this assumption will be assessed in the subsequent section) and σ 2 is the unknown variance of the averaged tide gauge data.
The unknown parameters of the formulation are estimated from the local tide gauge data using the ordinary least squares method. Peltier (2004) and Wang ICE5G (2006) models, between stations are about 0.07 mm on the average (Tab. 2). Considering the diminishing differences in the relative rates implied by the newer models, we cannot rule out the null-hypothesis that stations do not experience statistically signi cant uplift rates with respect to each other in this region. This assumption will also be veri ed indirectly by the improved regional solutions in this study. A number of tide gauge data from very close stations (Tab. 1, Fig. 1) are used together in the local solution for better local representations (the same model that will be proposed for the regional scale solution already used here for the combination of very short and very close stations tide gauge data in local solutions). Table 1 and Fig. 2 show that the magnitude of the estimates are, overall, strongly in uenced by the length of the series as expected. The t-values (trend estimates divided by their standard errors) depicted in Fig. 3 reveal that the corresponding standard errors of the parameters are also correlated with the series lengths; i.e. the longer the series, the smaller the corresponding errors in the trend estimates. This is partly because of the smaller root mean square error of the solutions calculated using larger number of data and partly because of the better separation of the estimates within each local solution due to the length of the series.
The local trend estimates from longer series show less variability and agree well with each other, justifying the wisdom of using longer series in the solutions as proven by Iz (2006) . On the other hand, the R timates by averaging are prohibitively high. The weighted mean of the local rates with weights proportional to the inverse of the variances of the local estimates is 2.61 mm/yr, with a ±0.12 mm/yr standard error of the weighted mean, which may further be re ned by removing the extremes. Yet again, this is still not a viable approach because pooling the estimates may not give an optimal solution if the disturbances of the tide gauge measurements are geographically correlated. Moreover, the standard errors of the estimates could be underestimated if the disturbances are serially correlated, which are not accounted for in the ordinary least squares solution. The trend parameters may still be correlated due to the fact that annual semi-annual and node tides do not vary markedly in the region from station to station. The amplitudes of these variations may be different, not because these variations are different at different stations as suggested by Tsimplis and Woodworth (1994) , but simply because of the length of the series and other unmodeled local effects unaccounted for in the model, which adversely bias the estimated phase and amplitudes of the periodic variations.
Therefore, the presence and the potential impact of the geographical and serial correlations need to be modeled and assessed for a rigorous regional solution. This is the topic to of the following section.
Regional Tide Gauge Model with Geographically and Temporally Correlated Disturbances and its Solution
The local trigonometric model given by Eq. (1) and (2) 
In this expression all stations' data are subject to the same periodic annual, semi-annual and node variations as discussed in the previous section, and a common regional trend, b. The intercept, a 0 , now refers to a preselected reference station (common to all stations) from which the reference levels of the other stations are offset by an unknown amount ∆a i t (i = 1, . . . , m) also to be estimated (except one of the ∆a i t is zero for the reference station).
Hence, m − 1 additional unknown parameters are introduced into the formulation for the reference level differences between stations.
In most cases, as stated earlier, the discrepancies between the local trend estimates (potential biases) are not due to the data quality or the origin of the periodic variations that are different, but caused by the unmodeled systematic or transient effects in the series especially in in shorter series, which will be reduced considerably by the presence of longer series in the regional solution (Iz, 2006) .
The assimilation of large number of tide gauge measurements under a single formulation also impacts the mean square error (MSE) of the solution due to the increased degrees of freedom, improving the uncertainties of the estimated model parameters and the projections that depend on these values.
A variant of the statistical model given by Eq. (2) takes into consideration the impact of the serially correlated (autocorrelated) disturbances for each station. The geographical correlations among the participating stations (spatial correlations) can be formulated as follows:
If the tide gauge data disturbances e i t at a given station i are interdependent, they can be described by a first order autoregressive process (known also as red noise) as, 
stations that are very close to each other as we did in local solutions. results in the following expressions,
Hence, using the previous three equations, the variancecovariance matrix for monthly disturbances for the i th station can be written as;
where t i = 1, . . . , T i , with T i as the number of records for the i th station. Note that, in the case of missing observations, the above variance-covariance matrix is generated by the time differences, τ, between subsequent tide gauge measurements.
In a regional solution with m stations, the corresponding variancecovariance matrix of the tide gauge measurements, denoted by Σ, which takes into account both within station serial correlations (autocorrelations) and among station geographical correlations is therefore;
where the covariances among the stations, denoted by Note that all the variances and covariances re ect a stochastic relationship among station disturbances and they are not known a priori until the residuals from a series of local solutions are calculated and analyzed. Once this information is inferred from the local solution disturbances, the full variance-covariance matrix can be used in a generalized least squares solution in estimating the regional model parameters.
In the following section, the new regional model's effectiveness as well as the impact of the two statistical models; one based on homogeneous disturbances (solved by ordinary least squares), and the alternative, which accounts for the heterogeneous disturbances as a result of geographical and serial correlations (solved by the generalized least squares), are quanti ed using the tide gauge station data around the Florida Panhandle.
Local and Regional Model Solutions using Geographically and Serially Correlated Disturbances for Sampled Stations
Because of the varying length of the tide gauge data, only stations with long records can be used to reliably estimate and assess the serial and spatial correlations within and among stations for the variance covariance matrix of the disturbances, Eq. (4) through (8).
For this purpose, ordinary least squares solutions that were carried out for the three longest stations, namely Fernandina, Key West and Pensacola were considered. The local trend estimates calculated using ordinary least squares (no serial correlation) and generalized least squares (with serial correlation) turned out to be in agreement, whereas their standard errors from the generalized least squares were somewhat larger. It is well-known that omitting the serial correlations in ordinary least squares solutions has no effect on the parameters (they remain unbiased), but will decrease their standard errors (Neter et al. 1996) , as also quanti ed in this application. All the other estimated parameters (coefficients of the periodic variations) from both solutions are in agreement within few mm.
Nonetheless, the underestimation of the uncertainties by the omission of the serial correlations are negligibly small for all three stations except for the R 2 (adj) values (the corresponding correlation coefficients, R, are practically the same to the rst order), which may or may not have an impact in testing models. Hence, the omission of the serial correlations among station disturbances does not have an adverse impact on the estimates as well as on their statistics from this region's tide gauge data.
The consistency of the combined solutions' trend estimates obtained from ordinary and generalized least squares solutions (the latter accounts for serial as well as geographical correlations among stations) reveals that geographical correlations do not have 
Final solution for regional trend using ordinary least squares
The solution results of the previous section using the three longest stations revealed that the impact of the geographical and serial correlations on the estimated parameters is negligible for the local and regional solutions for these particular data sets. Although the geographical correlations would be larger for the remaining stations because of their closer proximity to each other, their contributions to the regional solution will be considerably less than the longest series used in the previous investigation because of their shorter time span, as evidenced by their local ordinary least squares solutions. Therefore, parsimony favors the use of ordinary least squares for the nal regional solution using all the available stations tide gauge data. Note that the negligible effect of omitting the serial and spatial correlation on the regional trend estimate should not be generalized to other data sets in other regions around the world. The presence of spatial and serial correlations at other regions need to be assessed using the approach carried out in this study and statistical model being proposed should be deployed if the impact of these correlations are found to be statistically signi cant.
The trend estimate based on the proposed combination model Eq. (3) using the ordinary least squares that make use of all 26 stations' tide gauge data ( dom variations, i.e. the residuals, and is considerably wider than the con dence interval, CI (Tab. 6). The prediction intervals shown in Fig. 7 are at least 10 fold narrower than any other projections for the region by virtue of combining all the local station data under a single regional model.
Validation
Currently there are only a few regional trend estimates for Florida based on the local tide gauge data to compare and validate the regional trend estimate and its standard error of this study. Most of the recent and earlier solutions use fewer number of stations because of the reliability of local trend estimates from short records.
One of these solutions as offered to represent the Florida region MSL trend, is the analysis of a single station, Key West tide gauge data, by Obeysekera et al. (2011) . The study analyzed two consecutive 47 years split periods that resulted in 2.9 and 2.7 mm/yr trends (no standard errors reported). A number of local solutions by Walton (2007) , and Harrington and Walton (2008) produced a range of values 1.5 -2.4 mm/yr for the regional trend using 64 year truncated local tide gauge series (no standard errors reported). An average using the longest series in Florida calculated by Maul and Douglas as early as 1993 is 2.2 mm/yr is markedly close to the current regional estimate of 2.14 mm/yr. Yet the estimate has a large standard error of 0.5 mm/yr compared to the 0.03 mm/yr standard error of the trend estimate of this study. A multiple station study by Douglas (2001) reported 2.4 mm/yr mean trend from four stations in this region with a 0.3 mm/yr standard error of the mean.
In general, the validation of the regional trend estimate and its standard deviation requires solutions deduced from independent observations. These solutions are also to be as good as or better than the current solution so that they can be used as a baseline for comparison. Recent and earlier solutions reported above do not meet this requirement. Moreover, because all the local solutions use some tide gauge data that are also used in this study, they do not provide independent information for validation (although the results are informative to assess the use of additional data and model performance).
Satellite altimetry solutions can be considered for validation as an alternative. Such solutions are regional and ful ll the initial requirement of using data independent of local tide gauges (strictly speaking, even satellite altimetry solutions are not independent from local tide gauge data because they use local tide gauge series for calibration of the measurements).
A most recent study (Palanisamy et al. 2012) in the neighboring Caribbean area reports a regional trend estimate of 1.7 ± 0.6 mm/yr averaged over the region using satellite altimetry data during the period 1993 -2009. This result is not statistically different than this study's estimate of 2.14 ± 0.03 mm/yr. Yet, the agreement hardly validates the current solution because the condence interval of the regional trend inferred from satellite altimetry is markedly large.
As another alternative, a regional trend estimate is obtained using multiple satellite altimeters around the Florida Panhandle during the last 20 years as part of this study. The weighted mean of the grid trends shown in Fig. 8 , where the weights are chosen as the inverse of the variance of the grid trend error estimates, is 1.5 ± 0.3 mm/yr despite the wild variations at different locations. In this case, the satellite altimetry solution is better than the neighboring Caribbean solution. However, the agreement with the current estimate using tide gauge data depends on the signi cance level. Moreover, the weighted average trend rate deduced from satellite altimetry data cannot invalidate the current trend estimate simply because all satellite altimetry solutions are likely to be biased in trend estimates and in their standard errors.
The potential biases in trend estimates were demonstrated empirically in this study (see the differing local estimates displayed in Fig. 2 ) and theoretically, by Iz (2006) . The importance of the length of the series is also emphasized by various authors (e.g. Douglas 1991) for tide gauge series. Satellite altimetry data are not an exception. Figure 9 by Iz (2006) shows that an unmodeled transient effect that lasts for two years (such as an above average meteorological condition) can bias shorter series in which such transient variations cannot be easily detected and modeled. There is no guarantee that neither the tide gauge nor the satellite altimetry data in this region are devoid of such unmodeled effects. Yet this in uence decreases as the length of the series increases, hence the trend estimates from longer tide gauge data are not adversely inuenced by the unmodeled sea level variations.
Furthermore, Tab. 7 (Iz 2006) lists various effects such as data quality, unmodeled or unknown transient, or systematic periodic effects acting on a 20 yr long series. They can induce trend biases as large as 0.8 mm/yr RSSE 6 (Root Sum Square Error). Such biases in trend estimate increases its variance estimate by an amount equal to the square of the bias. Again, the impact of this error on a 100 yr long series is negligibly smaller.
Yet, this is not the only problem. Current satellite altimetry solutions (including the one produced in this study) ignore the spatial and temporal correlations. The impact of the omission is differ-6 The effect of the node tide bias is excluded since it is estimated in this study Figure 9 . The trend bias induced by an unmodeled 100 mm transient sea level change that occurs at the beginning and at the end of each series of different length and lasts for 6 months and 2 years respectively.
ent than the one on tide gauge solution examined in this study because of the close proximity of the data and the way they are processed. Satellite altimetry solutions produce gridded sea level rates interpolated from satellite altimetry data, which are then used to calculate the regional trend. Because of the omission of the spatial and temporal correlations within and among neighboring grids, the standard error of the estimated regional trend is underestimated (correlations do not impact the trend estimates). The biasing of the standard errors is usually accounted for by rescaling the error estimate upward (refer to the section on satellite altimetry in Douglas 2001) . Note that between grid correlations are significantly larger than the between station correlations estimated in this study. Consequently, the error estimates are to be increased up to several folds to account for the omission of spatial and temporal grid correlations. Consequently, such rescaling makes the use of satellite altimetry solutions questionable in validating the standard error of the regional trend estimate of this study like the satellite altimetry estimate calculated in the Caribbean study.
Alternatively, a self-validation approach can be carried out using the method of bootstrapping. However, as discussed earlier, notwithstanding the validity of bootstrapping in other investigations as a statistical technique for solution and error assessment, the limitation imposed by the length the tide gauge series in this study makes such validation not so informative. If for validation, some stations from the regional solution are excluded as independent data for bootstrapping, then the regional trend estimates may or may not perform well depending on the length of the series and local sea level variations. If the local estimates are used to validate the regional solutions, then the local sea level variations induce a biased, local, and tailor made solution, with biased local trends that t the data better than using the regional estimate, if the series are shorter. If the excluded series are long, then the regional solution does agree well with the trend of the excluded series simply be- cause all of the three long series in our study agree well with each other and dominate the results.
A variation of the above approach is to exclude a portion of the tide gauge data that span a period of time, irrespective of which stations they belong to, from the regional solution for validation as independent data. In this case, the length of the series and their epochs become an issue. If the excluded data is at the end of the series (or at the beginning) they in uence the solution as a function of the length of the excluded data as shown by Iz (2006) . Otherwise, the regional solution well predicts the excluded data. Hence, this approach turns out not to be a reliable validation method because it is not randomized.
In sum, the considerable improvement in the standard error of the trend estimate using multiple station tide gauge data as in this study comes with unique challenges for its validation.
Conclusion
The proposed formulation is simple and evidently effective in reducing the uncertainty in the parameters of the regional sea level variability. The outcome of the proposed combination model solution is an order of magnitude improvement in the standard error of the trend estimate for the Florida region (although not much different than the combination solution using the longest three station solution). The reduced uncertainty in the trend estimates will impact testing a number of pertinent hypotheses that rely on the mean sea level (MSL) trends, including testing mean sea level acceleration in a region. Improved estimates will also lead to more accurate projections.
In the case of the Florida regional model solution, the improvements in the regional trend estimate shows that all the 26 tidal gauge data conform with each other under a single model despite the discrepancies in their local trend estimates that are caused by the short series lengths and not due to the quality of the tide gauge data. The results highlights once again, the pitfalls of using shorter series in making inferences about sea level rise as discussed in Iz (2006) .
The proposed formulation is also frugal in the sense that no tide gauge data are wasted. Although the similar results can be obtained by the use of only longest series, the fusion of all tide gauge data uni es all the local vertical reference levels as de ned by the local tide gauges and provides accurate statistics for the local reference level shift parameters with respect to a common reference level.
There were no signi cant differences between the estimated parameters and their statistics obtained from the ordinary least squares and generalized least squares solutions as a results of serial and geographical correlations, yet this result is valid only for this particular regional solution. Care should be given in modeling the correlations of the disturbances of the regional solutions among stations at localities where long series with close proximity are deployed. The proposed formulation and the two step procedure can account for their effects. In the case of using successive records with time interval less than a month, modeling serial correlations may be needed. The effect of autocorrelations can be effectively reduced by modeling local effects such as the inverted barometer effect (Iz and Shum, 2000) , which are usually one of the root cause of the serial correlations.
Serial correlations may also turn out to be in uential at other geographic regions such as the ones bordering the Paci c where interannual or interdecadal variability is considerably signi cant. The extended statistical model of the formulation proposed in this study that takes into account such variations through generalized least squares solutions is well suited in modeling the sea level variations and sea level rise in these regions.
The vigorous solution for the regional MSL variations, in this particular case for Florida Panhandle, gives the most representative solution for the region because of the contribution from various tide gauge stations, including Gulf of Mexico and Atlantic stations.
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